Using the NRQCD factorization formalism of Bodwin, Braaten, and Lepage, we calculate the contribution of the subprocess γg → cc to the inclusive forward scattering cross section for ψ production in photon-nucleon collisions. Our theoretical cross section, which depends linearly on the gluon distribution in the nucleon, has energy dependence consistent with that of fixed-target experimental data. The result is proportional to a parameter Θ, defined as a linear combination of NRQCD color-octet matrix elements; through a fit to the data we determine Θ = 0.02 GeV 3 . Extrapolating from the lowenergy fixed-target data into the high-energy range of the ZEUS and H1 measurements, we find remarkable agreement between data and theory for the MRS A, MRS A', and CTEQ 3M structure functions, but less so for MRS G and GRV.
A useful framework for understanding annihilation and production of quarkonium is the nonrelativistic QCD (NRQCD) factorization formalism developed by Bodwin, Braaten, and Lepage [1] . According to this formalism, the cross section for the inclusive production of a quarkonium state H is a sum of products having the form
where the index n labels color and angular-momentum quantum numbers, as well as the order in the nonrelativistic expansion. The short-distance coefficients F n contain only effects of distance scales of order 1/m Q or smaller, where m Q is the heavy quark mass; they can be calculated as a perturbative expansion in α s (m Q ). Effects of longer distances, including effects related to the hadronization of the heavy-quark-antiquark pair into the quarkonium state H, are parameterized by the NRQCD matrix elements 0|O n |0 . The size of the NRQCD matrix elements can be estimated by determining how they scale with v, the typical velocity of the heavy quarks in the quarkonium bound state. Combining the vscaling estimate of 0|O n |0 with the α s (m Q ) scaling of the F n , it is possible to determine the relative importance of the terms in the factorization formula with regard to the double expansion in v and α s . An early calculation of ψ production in photon-nucleon collisions was carried out in Ref. [2] . That calculation pertained to "inelastic" production, which involves the subprocess γg → ccg, with the cc in a color-singlet 3 S 1 configuration. Here the definition of inelastic hinges on the parameter z ≡ N · P/N · k, with N being the initial-state nucleon fourmomentum, k being the initial-state photon four-momentum, and P being the ψ fourmomentum. The region of phase space where z < 0.9 is, by convention, defined as "inelastic". The remaining region of phase space 0.9 < z < 1.0 is defined as "forward".
As to purely "forward" production, the NRQCD factorization formalism scaling rules specify that the most important contribution arises from γg → cc fusion, where the cc pair is produced at short distances in a color-octet state in either a 1 S 0 , 3 P 0 , or 3 P 2 configuration. Up to corrections that vanish as v → 0, the color-octet process describes the inclusive photoproduction of ψ with z ≈ 1. The leading-order Feynman diagrams are shown in Fig. 1 . The evolution of the color-octet cc pair into a ψ is a nonperturbative phenomenon involving the emission of soft gluons. This evolution is parameterized by the color-octet NRQCD matrix elements. Specifically one can write the leading order contribution to the subprocess cross section for γg → ψ + X as
The short-distance coefficients
, and F 8 ( 3 P 2 ) for the subprocess presently under consideration can be lifted from a calculation of a similar subprocess, gg → ψ + X, discussed in [3] [4] . This is because of the serendipitous fact that the amplitudes for the γg subprocess are proportional to those for the gg subprocess. It turns out that the correct relation is 
, and F 8 ( 3 P 2 ) in the NRQCD factorization formula for σ(γg → ψ + X).
Thus we obtain the short-distance coefficients for the subprocess γg → ψ + X:
Inserting these into the expression for the cross section given in Eq. (2) we obtain
where Θ is given by
The above expression can be simplified using the relation [1]
yielding Θ = 0|O
Next we convolute the subprocess cross section given in Eq. (5) with the gluon distribution function to obtain the forward scattering cross section for γN → ψ + X:
where we have taken the gluon structure function of the proton and neutron to be the same. Note that in the laboratory frame of fixed target experiments, s = 2m N E γ , where m N ≡ (m n + m p )/2 is the average of the neutron and proton masses. We propose that our calculation describes forward photoproduction at the fixed-target experiments E687 [5] , NA14 [6] , E401 [7] , NMC [8] , and E516 [9] . To test this proposal, we compare the experimental low-energy fixed-target data to the shape of our theoretical expression for the cross section as a function of photon energy. At the same time, we determine the value of Θ by carrying out a one-parameter fit to the fixed-target data.
Our calculation is performed only to leading order in the perturbative expansion in α s and in the nonrelativistic expansion in v 2 . Before comparing our theoretical results with experimental data, we must first consider the possible impact of higher-order corrections. Since the next-to-leading order relativistic corrections will have the same s-dependence as Eq. (9), they only serve to redefine Θ. On the other hand, the next-to-leading order α s corrections can modify the s-dependence of our expression for the cross section. Such is the case for the higher-order diagrams γq → ccq. This contribution is supressed with respect to the leading-order contribution not only by α s , but also by the small quark (compared to gluon) content of the nucleon at high energy. Thus the s-dependence given in Eq. (9) should be robust at high energy. At low energy, however, the quark content of the nucleon is large, substantially enhancing the importance of the γq → ccq subprocess. Therefore in this regime our theoretical result for the forward production cross section may not be reliable. In fixed-target experiments, the above-mentioned enhancement occurs below E γ ≈ 25 GeV, so we do not expect our result to be reliable in that region.
In Fig. 2 we display our fit of Eq. (9) to forward cross-section measurements from the fixed target experiments E687, NA14, E401, NMC, and E516. We also display data from SLAC [10] ; however we do not include it in the fit because it falls in the aforementioned large-x region. As indicated in Fig. 2 we have performed the analysis using structure functions from MRS [11] , CTEQ [12] , and GRV [13] . The results are clearly sensitive to the gluon content of the nucleon. We have taken α s (2m c ) = 0.26 and m c = 1.5 GeV. The results of our fits are summarized in Table I . The low values of χ 2 are artifacts of the correlated systematic errors in a given experiment. We obtain Θ = 0.021 ± 0.001 ± 0.002 GeV 3 ,
where the former error is statistical and the latter reflects the spread of the structure functions. Our error is dominated by the uncertainty in structure functions. It must be stressed that the fixed-target experiments which have been used to derive the measured value of Θ given in Eq. (10) involve a cut on "inclusive" forward production; in contrast, recent photoproduction data reported from both HERA experiments [14, 15] are restricted to "exclusive" forward production, γp → ψ + p. The process we calculate results in a ψ, a color-octet soft gluon, and a color-octet nucleon fragment. For z → 1 the colorsinglet system consisting of the soft gluon and the nucleon fragment has invariant mass m N , and must evolve into a nucleon with unit probability. For this reason, our calculation of the inclusive forward cross section essentially represents the exclusive forward cross section, and is applicable not only to the fixed-target data but also to the HERA data. It is reasonable to take our value of Θ and to extrapolate from the low-energy fixed-target regime into the highenergy range of the HERA measurements. These measurements, as well as our extrapolated predictions, are shown in Fig. 3 . As can be seen from Fig. 3 , the theoretical extrapolated curves are consistent with the HERA results, except for those generated with the MRS G and, to a lesser extent, GRV structure functions. Removing them from consideration substantially reduces the uncertainty in Θ, giving Θ = 0.020 ± 0.001 ± 0.001 GeV 3 .
The second error, due to the spread in structure functions, should only be considered a rough estimate. Finally, we wish to point out that the color-octet matrix elements that occur in Θ [Eq. (8) also occur in a calculation of ψ hadroproduction [4] . Ref. [4] obtains the linear combination
whereas we obtain Θ = 0|O
Solving these equations for 0|O ψ 8 ( 1 S 0 )|0 and 0|O ψ 8 ( 3 P 0 )|0 gives a negative result for the latter matrix element. It is clear then that Eqs. (12) and (13) are incompatible, given the positive definiteness of the individual NRQCD matrix elements. It should be noted, however, that the errors quoted on both estimates do not include theoretical uncertainties from higherorder corrections. More detailed calculations may be able to resolve the discrepancy.
In conclusion, we have proposed a mechanism for forward photoproduction of ψ, based on the NRQCD factorization formalism. The leading-order theoretical cross section prescribed by this formalism is given by
where Θ is a linear combination of NRQCD matrix elements. Fitting the above formula to fixed-target inclusive forward cross-section data, we have determined Θ = 0.020 ± 0.001 GeV 3 . From the low-energy fixed target region we have extrapolated to the highenergy region of HERA photoproduction. We have found that our theoretical extrapolated curves are generally consistent with the HERA data, except for those generated using the GRV and MRS G gluon structure functions. Note that the E401 and E516 data points appearing in this figure were determined using the definition of exclusive forward scattering, in keeping with the HERA results; however, the E401 and E516 data appearing in Fig. 2 were determined using the definition of inclusive forward scattering, in keeping with the other data shown in that figure. The theoretical curves are extrapolations from the fixed-target inclusive forward scattering data.
